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I by reaction j producing (consuming) metabolite / by: 

Random uptake conditions 

We choose nindomlyX% (whcr«X= 10, SO or 80) of the 89poleniUl input substrates that 
E. coti consumes in addition to the minimal uplike basis. For each of the transport 
reactions, we set the uptake rate to 20 mmol per gnm of dry weight per hour. As there area 
very large number of posjtble combinnEom of thesdccted input substrates, we repeat this 
proccsi 5.000 times and average over each reaJization. 

Tho hit-and-run method 

Wc select a set of basis vecton spanning the solution space using singular-value 
decomposition. Because the reaction fluxes must be positive, the 'bouncer' is constrained 
to the part of the solution space that intersects the positive orthant. Wc constrain the 
bouncer within a hypersphere of radiuj «„„ and ouuide a hyperspheie of radtus 
f^tiAi < /'nw. where we find that the sampling resulu arc independent of the choices of 
/lnti« and R.^^ SUrting from a random initial point inside the positive flux cone In a 
randomly chosen direction, the bouncer travels dcterministlcaliy a distance rf between 
sample points. Each sample point, corresponding to a soJution vector where the 
components are the individual fluxes, ii normalized by projection onto the unit sphere. 
After every bth bounce off the internal walls of (he flux cone, the direction of the bouncer ts 
randomized. 

HJgA-flux backbone 

For each metabolite we keep only the reactions with the largest flux that produces and 
consumes the metabolite, Metabolites that are not produced {consumed) are discounted. 
Subsequently, a directed link is introduced between two metabolites A and B if (1) A is a 
substrate of the most active reaction producing B. and (2) B is a product of the maximal 
reaction consuming A. We consider only metabolites that are connected to at least one 
other metabolite after steps (I ) ond (2). For clarity, w« remove P^. PPj and ADP. Further 
details and figures are provided in the Supplementary Information. 
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Sortilln' (-95kDa) isamember of the reccnttydiscovered family 
of VpslOp-domain receptors^-*, and is expressed in a variety of 
tissues, notably brain, spinal cord and muscle. It acts as a receptor 
for neurotensin^-*, but predominates in regions of the nervous 
system that neither synthesize nor respond to this neuropeptide*, 
suggesting that sortilin has additional roles. Sortilin is expressed 
during embryogencsis' in areas where nerve growth factor (NGF) 
and its precursor, proNGR have well-characterized effects*'. 
These neurotrophins can be released by neuronal tissues**, and 
they regulate neuronal development through cell survival and 
cell death signalling, NGF regulates cell survival and cell death 
via binding to two different receptors, TVIcA and p75^ {ref, 10). 
^" SSS**"^*^' proNGP selectively induces apoptosis through 
p75^^ but not TVlcA". However, not all pTS^'^-expresshig 
cells respond to proNGF, suggesting that additional membrane 
proteins arc required for the induction of cell death, Here we 
report that proNGF creates a signalling complex by simul- 
taneously binding to p75'^ and sortilin. Thus sortUin acts as 
a co-receptor and molecular switch governing the p75^''''^- 
mediated pro-apoptotic signal induced by proNGF. 

Binding of NGF was examined by surface-plasmon resonance 
(SPR). As demonstrated in Fig. la, sortilin bound mature NGF with 
moderate affinity (dissociation constant (K^) -90 nM). In contrast, 
the affinity of NGF for p75^'^ and TVkA was high (K^ 1-2 nM), in 
accordance with previous studies in cells"'". As the NGF precursor 
(proNGF) may escape intracellular processing and be released 
extracellularly, we next examined binding of proNGF''"-**-". 
Whwas lack of processing reduces the affinity of proNGF for 
p75 " and TVkA (K^ - 15-20 nM). it results in a much higher 
affinity {K^ -5 nM) for sortilin (Fig. la). This is surprising because 
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proNGF has been reported to interact with cellular p75^''''^ but not 
TVkA, with a higher affinity (K^ -0.2 nM) than mature NGF» and to 
selectively induce pys*^"^*^- dependent apoptosis in neurons, smooth 
muscle cells and oligodendrocytes'*". Our data may reflect the 
participation of a pTS^"^^ co-receptor, and this receptor might be 
sortilin (see below). 

To examine the structural basis of proNGF binding, we produced 
the pro domain of proNGF as a glutathione 5-tninsferase fusion 
protein (GST-pro) (Fig. lb). The GST-pro protein bound to 
sortilin with an affinitvvery similar to that of proNGF {K^ 
•-8nM). but not to p75^^ or TVkA (Fig. la). AddiUonal exper- 
iments further demonstrated that binding of proNGF to sortilin was 
inhibited markedly (>75%) by neurotensin^ and was almost abol- 
ished in the presence of GST-pro (Fig. Ic). Thus, the pro domain 
constitutes the structural basis for the high-affinity binding between 
proNGF and sortilin. 

We next assessed binding of proNGF to cellular sortilin. We 
transfected 293 cells without endogenous sortilin with the receptor 
constructs indicated in Fig. 2a, and evaluated binding of proNGF at 
37 '*C. Control cells demonstrated no binding or uptake of ligand, 
whereas cells expressing wild-type sortilin exhibited significant 
endocytosis of proNGF (Fig. 2b), but not of mature NGF 
(Fig. 2c), The observed uptake was hampered strongly in the 
presence of excess neurotensin or GST-pro (data not shown). 
Furthermore, transfectants expressing a mutant sortilin protein 
(sorlilin(mut)) that accumulates on the plasma membrane owing 
to disrupted motifs for endocytosis'*, displayed intense surface 
labelling with proNGF, but little uptake. 

Binding and uptake of proNGF was also investigated in cells 
transfected with TrkA and p75^^^ and in cells expressing each of 
the two receptors in combination with sortilin (Fig. 2b), TrkA 
transfectants exhibited a very modest uptake of proNGF, and on co- 
transfection with sortilin, endocytosis of proNGF was comparable 
to that observed in cells expressing sortilin alone. In contrast, i^'^ti'tf 

transfectants, proNGF as well as mature NGF was almost exclusively 
found on the plasma membrane, indicating a slow or insignificant 
endocytosis (Fig. 2b, c) consistent with prior observations" '*. 
r/Scd coexpression of p75^^** with sortilin re-established 

J(s\h' t "P^^^ of proNGF, and coexpression with sortilin(mut), as well as 
with wild-type sortilin, induced a significant increase in surface- 
associated ligand, suggesting a synergistic rather than a simple 



additive effect of sortilin and p75^^'* coexpression. 

The findings demonstrate that sortilin exhibits negligible binding 
of NGF, but also that it conveys a significantly higher capacity 
for uptake ofproNGF than cither of the two established receptors 
(that is, p75'^* and IVkA). Moreover, results in double transfec 
tants suggest that sortilin and p75*^^^ cooperate to promote 
proNGF binding. 

To characterize the molecular mechanisms underlying the puta- 
tive cooperativity between p75^^** and sortilin, affinity crosslinking 
was performed. Crosslinking of ' ^^I-labelled proNGF to p75'^ and 
sortilin double transfectants produced labelled complexes of — 110, 
^^140 and ~240kDa (Fig. 3a, lane 1), but was unproductive in 
single transfectants, suggesting that coexpression of sortiL'n and 
p75 is required for efficient binding at subnanomolar concen- 
trations ofproNGF (Fig. 3a, lanes 5-6). Furthermore, immunopre- 
cipitation with receptor antisera estabhshed that both sortilin and 
pygNTR ^gj^ components of the aosslinked adducls (Fig. 3a, lanes 
7-8). Similar experiments performed on cells coexprcssing p75'^''^'* 
and sortilin(mut), which has a higher surface expression than wild- 
type sortilin'*, resulted in a quantitative increase in crosslinked 
complexes (daU not shown). Finally generation of the crosslinking 
adducts was markedly reduced in the presence of unlabelled 
proNGF, neurotensin or GST-pro, implying that sortilin, as well 
as the NGF pro domain, is critical to complex formation (Fig. 3a, 
lanes 2-4). 

We conclude that the ^240 kDa adduct probably represents a 
heterotrimeric complex comprising proNGF, sortilin and p75^^ 
whereas the - 1 10 kDa and — 1 40 kDa species constitute proNGF in 
association with a single receptor. Expression of both receptors is 
required for efficient binding of proNGF, and our results support a 
mode! in which the pro domain and the 'mature* part of proNGF 
simultaneously engage sortilin and p75'^™, respectively 

Corresponding experiments established that proNGF does not 
form stable complexes with TrkA (Fig. 3b), In fact, crosslinking with 
proNGF using cells expressing all three receptors (TrkA, p75^ and 
sortilin) resulted in - 1 10, - 140 and -240 kDa adducts that could 
be precipitated with anti-sortilin (data not shown) and anti-p75""™ 
antibodies but not with TrkA-specific antiserum. Thus, proNGF 
discriminates between TrkA and p75*^ in celk that express both 
receptors in combination with sortilin. 

In accordance with previous reports' crosslinking using 
mature *"l-labclled NGF yielded complexes with both p75^^ 
(-90 and -180 kDa) and TVkA (-160 kDa) (Fig. 3c). However, 
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Figure 1 SPfl anafysis ol ligaml binding, a. Bindna (rf 20-1,000 nM NGF. proNGF and 
GST-pro to Immobilized sortilh (51 fmotmm'*^). p75"™ (91 fmoImm~*) and TrkA 
(66fmoImm-*). Calculated values are IrwIicatetJ. b, SOS-PA(^ analysis of llgands 
used in a. A Coonrassle-staJned geJ (left panel) and a western blol fantl-pro domain 



anlibody: right panel) are shown, c, Binding of proNGF (25 nM) to sortilin |66 fmol mm~^ 
in the absence or presence of 1 0 )iM neurotensin (dashed line) and 5 p.U GST-pro (dotted 
line). The SPfi response oblafned for the Inhibitors alone has been subtracted. 
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no additional crosslinked complexes were observed when either of 
the two was coexpressed witJ)[j^jQij^ sortilin single transfec- 

""-"'^^e^ffiaiiso^ 

next examined whether sortifinliri^^^^ physically associ- 
ate on the cell membrane. Cells expressing both receptors were 
biolabelled and incubated in the absence or presence of proNGF, 
followed by treatment with a membrane-impermeable reducible 
crosslinker, ly^is and immunoprecipitation using anti-pys^"^** anti- 
bodies. Sortilin could be crosslinked directly to p75^^ (Fig, 3d), 
However, in the presence of proNGF, the relative amount of 
crosslinked and co-precipitated sortilin increased by about fivefold 
(3.9% to 18.4%). Equilibrium binding studies were then designed to 
determine whether p75^" and sortilin coexpression might influ- 
ence the s^jaficky and affinity of ligand binding. As demonstrated 

jpys'^^-exprwsiri 
J'ti^^ data 
Indicate tharnwtiire 14GF tiiiids strictly to p75^^ In contrast, 
similar experiments with '"l-Iabelled proNGF further indicated 
that sortilin and pys*^™ cooperate in proNGF binding. Thus, cells 
expressing a single receptor type— cither sortilin or p75^^**— did 
not bind *"l-Iabelled proNGF (data not shown), whereas cells 



coexpressing these receptors did, Scatchard analysis (Fig. 3e) 
suggested fewer binding sites for proNGF than for NGF in the 
^double transfectants, but also a higher affinity for proNGF {K^ 
^ 160 pM) that could not be accounted for by binding to any single 
receptor. Accordingly, A875 cells, which bind proNGF with high 
affinity*', express high levels of endogenous sortilin and p75** 
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FiBure 2 Binding and uptake of proNGF and NGF in 293 cells, a. Western btot showing the 
level of receptor expression in the transfacted 293 cells, b, c, Uhlranslecled cells (control) 
and ceils transfected with the Indicated receptors were Irwubated (37 *C. 45 mir>) with 
50 m proNGF (b) or NGF (c) before fixation and staining with antl-NGF antibodies. 
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Figure 3 ProNGF-induced formation of heterotrfmeric complexes comprising sortilin and 
p/S"^". a-c, CrosslinWng of '"l-labelled proNGF (a, b) or '25|,;abelled NGF (c) to 
transfected 293 ceils in the presence and absence of excess proNGF, NGF, GST-pro or 
neurotensin. Crude lysates (-) and immunoprecipitaled proteins were subjected to SOS- 
PAGE and labelled bands were visualized by autoradiography. Antibodies used for 
Immunoprecfpitatton (IP) of sortilin (5), p75^ (P) and Trt^A fl) are Indicated, d. 8lotabelled 
cefis overexpressing sortilin{mut) and p/S*™ were incubated witii and without proNGF 
(25 nM) and treated with a reducible crosslinl^er. Autoradiographic bands resulting from 
reducing SOS-PAGE of immunoprecipitates are shown, e, Scatchard plot showing 
binding of fadlofabeifed NGF (open circles) and proNGF {closed circles) to cells expressing 
softilln{muO and p75"™ 
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(Fig. 4a). The results support a model in which proNGF binds to 
and promotes the formation of a multi-component receptor com- 
plex comprising both sortilin and p75'^^ 

ProNGF is more efficient than NGF in inducing apoptosis in 
superior cervical ganglion (SCG) neurons, vascular smooth muscle 
(SM-11) cells and oligodendrocytes, and in promoting chemotaxis 
and ligand binding in A875 melanoma cells'-' These cell types all 
express significant levels of sortilin and pTS*^ (Fig. 4a). We found 
that uptake of proNGF in dissociated SCG cultures was inhibited by 
the GST-pro protein (data not shown), which selectively inhibits 
binding to sortilin. Moreover, crosslinking of '^^I-labelled proNGF 
to SM-n cells resulted in labelled adducts of -110, -140 and 
-240 kDa, similar to those obtained in the pZS^** and sortilin 
double transfectants (Fig. 4b), These findings suggest that the 
biological effects of proNGF require coexpression of sortilin and 
p75 To assess directly whether binding of proNGF to sortilin 




regulates biological action, the ability of GST-pro and neurotensin 
to impair proNGF actions was evaluated In order to minimize 
conversion of proNGF into mature NGF. which might introduce _ 
bias by facilitating survival in TVkA-positive cells, a furin-rcsistant 
mutant of proNGF" was used in all subsequent experiments, unless 
otherwise stated. In SM- 1 1 cells co-expressing p75*^™ and sortilin, 
fiirin-resistant proNGF was more effective than mature NGF in 
inducing cell death as assessed by a TdT-mediated dUTP nick end 
labelling (TUNEL) assay (Fig. 4c). In addition, wild-type proNGF 
induced apoptosis as effectively as furin-resistant proNGF (data not 
shown). Co-incubation of proNGF with an excess of neurotensin, 
or with excess GST-pro, but not GST alone, impaired the induction 
of cell death and apoptosis by more than 90% (Fig. 4c). Similar 
findings were obtained in cultured SCG neurons expressing sortilin 
and pZS"^*^ as well as TVkA, Thus, both GST-pro and neurotensin 
significantly reduced proNGF-induced apoptosis in SCG neurons, 
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Figure 4 Sortilin fs required /of the pro-apoptotic action of proNGF. a, Receptor 
expression in proNGF-responsive ceH types, b, Cfossiinkfnp of '^'l-labelled proNGF to 
SM-11 cells and intiiMon by unlalMltad competitors, c-e, ProNGF-induced apoptosis 
(cell type indicated) and its intifbition by GST, GST-pro and neurotensfn. The number of 
apoplotfc and totaf cells counted per condilion was lOOZ-aoo (d andl) and 300/-1 ,1 00 
(e). All values are normalized to apoptosis in the absence of any additions, t Killlna of SCG 
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neurons from wild-type and p76^ knockout mfce. g. Prol4GF-indi/ced apoptosis of 
Schwann ce/fs transiently transfected with sortiiin. Columns indicate per cent of TUNEL- 
positive cells among ceils that express (S-f-) or lack {S -) sortilin. Left inset shows western 
blot of Schwann cell lysale; right inset shows appptotic nuclei (TUNa-posftive, greeo) in 
transtectanis expressing sortilin (red staining). Asterisk indicates an untransfecied cell, 
h, Schematic model of receptor-complex (ormalton. 
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whereas neither affeaed neuronal survival in response to mature 
NGF or on NGF withdrawal (Fig. 4d, e). As shown in Fig. 4f, 
p75'^'^''-deficient neurons from pZS^** knockout mice" that 
express sortilin in the absence of p75'^ (data not shown) exhibit 
NGF-dependent survival, but are resistant to proNGF-induced 
killing. A similar resistance to proNGF was seen in Schwann cells 
expressing p75*^ but not sortilin (Fig. 4g); however, after trans- 
fection with sortilin, Schwann cells became sensitive to proNGF- 
induced apoptosis. Approximately 95% of the cells that expressed 
sortilin (--18% of total) were TUNEL positive, and amona all 
TUNEL-positivc cells -96% expressed both sortilin and p7y*'^\ 
This sensitivity to proNGF-induced killing was reversed by co- 
incubation with GST-pro (Fig. 4g) and neurotensin, which blocked 
binding of proNGF to sortilin. It follows that both recepforsare 
obligate for the induction of proNGF-mediated cell death, ^S^p- 

^oncfudfc tfciat targets and promotes formation of a 

signalling complex comprising endogenous sortilin and p75^\ 
and that both receptors are required for proNGF-mediated apop- 
tosis. In contrast, mature NGF preferentially, binds p75f^T!! and/on 

Our study iinllcates that the neurotrophins use not two but three 
distinct receptor classes to dictate and regulate opposing biological 
responses of survival and death. We identify sortilin as a biologically 
important neurotrophin receptor that targets the pro domain of 
proNGF with high affinity. The present data suggest that sortilin is a 
required component for transmitting proNGF-dependent death 



neurotensin, r«pectively. Bound ligand was then separated from free ligand by 
centrifugation through catfaerum. Mean values of triplicates (from two independent 
experiments) were evaluated using the PRISM program. 

Western blotting, after rcdudog SDS-PAG^ was performed using a rabbit antibodx 
(1:1.000) directed against the pro domain of NGF (amino acids 23-81) of human NGF* 
and borseradish'perojcidaie-conjugated swine antt-rabbit immunoglobulin (Amersham 
Biosciences}. 

Transfected cell tines 

Parental 293 cells and tranifectantt expressing p75*^ or IHcA" were transfected with 
wild-type lortlltn* or the sortilin(mut) virianl impaired in endocytosis (alanine 
substituted for YU. L17. LSI and LS2 in the cytoplasmic tail)'*, and selected using uocln. 
Primary rat Schwann cells", plated on polylysine-coated plates, were transfected with 
pcDNA wild-type sortilin* or pcDNA alone using calcium phojphatt 

CrosslJnklng, bfolabeJItng and Immimopreclpnatron 

gCells (2 X 10" ml"') were Incubated (4"C. 2h) with radiolodinated proNGF or NGF 
■ pM), in the absence orprcsence of 100 nM unlabellcd proNGF, 40 fiM neurotensin or 
?200 nM GST or GST-pro, followed by crosslinking ( 15 min) with 4 mM l-ethyl-J-lS- 
dlmethylaminopropyllcarbodiimidc and 25 mM DSS (Pierce). Washed cells were 
subsequently Ijrsed in 1% Nonidet P40 buffer containing protease inhibiton and 
precipitations were performed using anti-p75^ and ami-TlrkA amisera'*, and antJ- 
sortilin antibody*. 

TVansfccted celb were bio labelled (3-4 h) with L-i"Slcy«teine ind l-I"SI methionine, 
then Incubated (20'Q 2 h) with or without 25 nM proNGF and, finally, treated (30 min) 

"5 mM of the reducible crosslinker DTSSP (Pierce) before lysis in 1% Triton-XlOO 
buffer conUiningprotease inhibitors*^. Immunoprecipitation was performed using 
rabbit anti-p75^ (number 9993), anIi-Trk (Santa Cruz) and ant i- sortilin*. All 
precipitated proteins were analysed by reducing SDS-PAGB and were detected by 
autoradiography. 



signals via p75^. Together with pTS"*™, sortilin facilitates the 
formation of a composite high-affinity binding site for proNGF 
(Fig. 4h). Thus, sortilin serves as a co-receptor and molecular 
switch, enabling neurons expressing Trk and p75*^^ to respond 
to a pro-neurotrophin and to initiate pro-apoptolic rather than 
pro-survival actions. In the absence of sortilin, regulated activity of 
extracellular proteases may cleave proNGF to mature NGF"» 
promoting TVk-mediated survival signals (Fig. 4h). In conclusion, 
NGF-induced neuronal survival and death is far more complicated 
than previously appreciated, as it depends on an intricate balance 
between proNGF and mature NGF, as well as on the spatial and 
temporal expression of three distinct receptors: TrlcA, p75^^ and 
sortilin. As sortilin is but one member of the Vpsl Op -domain 
receptor family expressed in the nervous system, future studies 
should show whether other pro-neurotrophins use related VpslOp- 
containmg receptors to switch biological responsivity to neuro- 
trophin isoforms. □ 

Methods 

Recombinant prateins and radiolabeUmg 

Human proNGF and mature NGF generated In Escherichia cuii" were a gift from Scil 
Protein* GmbH. Radiolodinated ligands"^ (-3.000 d.pjn. finol" *) were used within 
48 h of iodination and their integrity and bioactivity was assayed by SOS-poIyacrylamlde 
gd etectrophofiesis (PAGE), PC12 cefl neuntogenesis (NGF) and apoptosis of p75'^- 
cxpreasing vucular smooth rousde cells (proNGF). Mature NGF and furin-resisUnt 
mouse proNGF were purified from media of transfected 293 cell*". The NGF pro domain 
(amino acids B19 to RUl) was expressed In E.coUuz GST fusion protein and purified on 
glutaihtone-egarose beads. The luminal domain of sortilin was expressed and purified as 
described*. p75*^*.Fc and TrJcA-Fc (fusion proteins) were (rom R&D Systems. 

SPR analysis, equIIUirtum binding and western blotting 

The SPR analysts was performed essentially as described*^V The receptors were 
immobilized (at 10-15 figml'^) on a CMS chip and remaining coupling sties, were 
blocked with I MethanoUratne. Sample and running buffer was 10 mM HEPES, ISOmM 
(NH4)iS04. I.S mM Caa^ 1 mM EGTA, 0.005% TWeen-20 pH 7.4. After each analytic 
cycle the sensor chip wa* regenerated In a 10 mM glyclne-HCt buffer. The SPR signal was 
expressed in relative response units (RU); that is, the response obtained In a control flow 
channel was subtracted. Kinetic parameters were determined using BIAevaluation 3.1 
software. E4juilibrium-binding studies were performed as described'*. In brief, the cell* 
(2 X 10 ml"*) were incubated {4*C 40 min) with radioiodonated NGF or proNGF 
(2-20 X IO"""*M) in the presence or absence of a 500>fold molar excess of NGF or 



Induction of apoptosis in various cells 

A vascular smooth muscle cell line expressing human ^75*^ but not TtkA" was 
incubated (16 h) with 2ng ml'* of mature NGF or fiinn- resistant proNGF" in the 
presence of 50 nM GSTor GST-pro, or 40 jiM neurotensin. After fixation, cells were fixed, 
incubated with 4,6-diamidino-3-phen)^indDle (DAPl) and subjected to TUNEL analysis 
(Roche Molecular Blochemicals). Results represent the mean value of three independent 
experiments performed in triplicate. At least 300 cells per condition were counted. 

Dissociated PO-Pl rat SCG neurons" or mouse SCG neurons obtained from p7S^ 
knockout mice" or wild-type littermates were plated on collagen-coated slides and 
maintitned for 5 days in SOngml"* NGF before use. Replicate cultures were rinsed five 
times with NGF-free medium and treated with orwJthout the given additives, as indicated. 
After 36 h SCG cultures were processed for TUNEL analysis and coumerstsined with anti- 
neuron al-specific ^-tubulin n^jl. Covance)". TUNEL-poiiiive neurons were scored 
blindly by the observer and at least 100 cells were counted for each culture condition. 

Transfected Schwann cells were replaied on S-well slides (NUNC) at 20.000 ccHs per 
well. At 48 h after uansfection. cells were treated (IS h) with 5 ng ml"' mature NGF, 
purified recombinant cleavage-resistant proNGF or diluent atenc. After fixation, the celli 
were stoined using mouse antl-sortllin antibody (Thmsduction Biolabs, anti-NTIU 
612I0I) and rhodamlne goat anti-mouse IgG followed by DAPI incubation, and then 
subjected to TUNEL analysis (Roche Molecular Btocheraicals). At least 1,000 celli per 
condition were counted in a blinded manner, and results arc representative of three 
independent experiments. Where appropriate, statistical lignificance wu determined by 
Student's f-tcst 
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Hie cytoplasmic body component 
TRIMSa restricts HIV-1 Infection 
In Old Worid monkeys 
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Host cell barriers to the early phase of immimodeiidency virus 
replication explain the current distribution of these viruses 
among human and non-human primate species*'^. Human 
immunodeficiency virus type 1 (HXV-1), the cause of acquired 
immunodeficiency syndrome (AIDS) in humanSi efficiently 
enters the cells of Old World monkeys but encounters a block 
before reverse transcription'"^. This species-specific restriction 
acts on the incoming HIV-1 capsid^~' and is mediated by a 
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dominant repressive factor^"'. Here we identify TRIMSa, a 
component of cytoplasmic bodies, as the blocking factor. HIV-1 
infection is restricted more efficiently by rhesus monkey TRIMSa 
than by human TRIMSa. The simian immunodeficiency virus, 
which naturally infects Old World monkeys*", is less susceptible 
to the TRIMSa-mediated block than is HIV-1, and this difference 
in susceptibility is due to the viral capsid. The early block to 
HIV-I infection in monkey cells is relieved by interference with 
TRIMSct expression. Our studies identify TRIMSoc as a species- 
specific mediator of innate cellular resistance to HIV-1 and reveal 
host cell components that modulate the uncoating of a retroviral 
capsid. 

Recombinant HIV-1 expressing green fluorescent protein and 
pseudotyped with the vesicular stomatitis virus (VSV) G glyco- 
protein (denoted HIV-l-GFP) can efficiently infect the cells of 
many mammalian species including humans, but not those of Old 
World monkeys*"'. Here we used a murine leukaemia virus vector to 
transduce human HeLa cells, which are susceptible to HIV-l-GFP 
infection, with a complementary DNA library prepared from 
primary rhesus monkey lung fibroblasts (PRL ceUs). TWo indepen- 
dent HeLa clones resistant to HIV-l-GFP infection, but susceptible 
to infection with recombinant simian immunodeficiency virus 
(SIV-GFP) or murine leukaemia virus (MLV-GFP), were identified 
in a screen (Methods). 

The only monkey cDNA insert common to both HlV-l-GFP- 
resistant clones was predicted to encode TRIMSa, a member of the 
tripartite motif (TRIM) family of proteins containing RING 
domains, B-boxes and coiled coils^'"'\ TRIMSa also contains a 
carboxy-terminal B30,2 (SPRY) domain not found in the other 
TRIMS isoforms (ref. 13 and Fig. la). The natural functions of 
TRIMSa, or of the cytoplasmic bodies in which the TRIMS proteins 
localize"''*, are unknown. One TRIMS isoform has been shown to 
have ubiquitin ligase activity typical of RING-containing proteins'*. 
TRIMS proteins are expressed constitutively in many tissues", 
consistent with the pattern of expression expected for the HIV-1- 
blocking factor in monkeys*. 

HeLa cells stably expressing rhesus monkey TRIMSa 
(TRlMSorh) and control HeLa cells containing empty vector were 
incubated with different amounts of recombinant HIV-l-GFP, 
SIV-GFP and MLV-GFR Expression of TRIMSa^h resulted in a 
marked inhibition of infection by HIV-l-GFP, whereas MLV-GFP 
infected control and TRIMSarh-expressing HeLa cells equivalently 
(Fig. lb, c). TRIMSarh inhibited infection by SIV-GFP less effi- 
ciently than that by HIV-l-GFP (Fig. Ic). Stable TRIMSa^h 
expression also inhibited the replication of infectious HIV-1 in 
HeLa-CD4 cells, which express the receptors for HlV-1 (ref. IS and 
Fig, Id). The replication of a simian-human immunodeficiency 
virus (SHIV) chimaera, which contains core proteins (including the 
capsid protem) of SlV^ac (ref. 16), was not inhibited in these 
TRIM5a,h-expressing cells. When the infections were done with 
eightfold more HIV- 1 and SHIV, similar results were obtained 
(Supplementary Information). We conclude that expression of 
TRIMSa^h specifically and efficiently blocks infection by HIV-1. 
and exerts a slight inhibitory effect on infection by SIVm,c* 

To investigate the viral target of the TRIMSaA-mediated restric- 
tion, HeLa cells expressing TRIMSa^h or control HeLa cells 
were incubated with recombinant HIV-l-GFP, SIV-GFP, 
SIV(HCA-p2)-GFP or HIV(SCA)-GFR SIV(HCA-p2)-GFP is 
identical to SIV-GFP, except that the SIV capsid and adjacent p2 
sequences have been replaced by those of HIV-1 (ref. 17), and 
SrV(HCA-p2)-GFP has been shown to be susceptible to the block in 
Old World monkey cells'''. HIV(SCA)-GFP is identical to HFV-l- 
GFP, except that most of the capsid protein has been replaced by that 
of SIV, and HIV(SCA)-GFP has been shown to be less susceptible 
than HIV- 1 to the block in Old World monkey cells*. We found that 
HlV-1-GFP and SlV(HCA-p2)-GFP infections were restricted to 
the same extent in TRIMSa rh-^xpressing HeLa cells, whereas infec- 
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